In the semiarid Canadian prairies, water is the most limiting and nitrogen (N) the second most limiting factor influencing spring wheat (Triticum aestivum L.) production. The efficiency of water-and nitrogen use needs to be assessed in order to maintain this production system. The effects of cropping frequency and N fertilization on trends in soil water distribution and water use were quantified for an 18-yr (1967-1984) field experiment conducted on a medium tex- 
INTRODUCTION
In the semiarid region of the northern Great Plains (i.e., the Brown Chernozemic soil zone), water is the main factor influencing wheat (Triticum aestivum L.) production [1, 2] . Potential evapotranspiration (PET) always exceeds precipitation (PPT) during the growing season, and consequently farmers in this area often prac-tice summer fallowing (F) to conserve water for the next crop. This practice also serves to control weeds and to increase mineral nitrogen (N) in the soil, thereby helping to alleviate the second greatest restriction to production in this region (i.e., soil N deficiency) [1] . Although the area devoted to summer fallow on the Canadian prairies has been decreasing steadily in recent years, the rate of decrease is lowest in the Brown soil zone (1.3% yr -1 ) [3] ; thus, summer fallowing is still an important management tool in this region.
The efficiency of soil water storage from precipitation in the prairies is generally low and varies greatly depending on soil texture, type of cultural practice, the amount of crop residues left standing to trap snow, and the amount and distribution of precipitation received in the non-crop-growing period [4, 5] . We recently assessed the effects of cropping frequency and N fertilization on soil water conservation based on the results from a 40-yr experiment conducted on a medium-textured Orthic Brown Chernozem (Aridic Haploboroll) at Swift Current, Saskatchewan [6] . We examined three treatments: continuous wheat (Cont W) and fallow-wheat (F-W) each receiving N and phosphorus (P) fertilizer, and Cont W receiving only P fertilizer. The results showed that at harvest, F-W and Cont W (N+P) had similar amounts of water in the soil profile, but Cont W (+P) had more because of less growth and reduced water use. However by the following spring, soil water recharge, being proportional to the amount of crop residues produced, had conserved an extra 64, 55 and 40 mm of water in treatments F-W, Cont W (N+P) and Cont W (+P), respectively [6] .
Numerous studies (see review articles [7, 8] ) have been conducted in which the relationships between crop yield and water use on the prairies have been assessed. The effects of fertilization rates [9] [10] [11] , tillage practices [12] [13] [14] , cropping frequency [15, 16] and soil-and weatherconditions [17] on water use efficiency have been documented extensively. However, less is known about the seasonal changes in crop water use and in water use efficiency of the plant biomass.
Agro-ecosystem models are being increasingly used for site specific analyses and the development of site adapted agricultural production systems [18, 19] . On a regional and/or national scale these models are used for the evaluation of current land use and potential remediation measures through scenario simulations [20] [21] [22] . However, testing and validation of the models should be done using independently measured data from field experiments such as those described in this manuscript.
During the first 18 years (1967-1984) of the Swift Current long-term crop rotation experiment, detailed measurements of soil water and plant biomass were made, with eight samplings between spring and fall on selected treatments. Although some assessments of these data were made [23, 24] , seasonal changes in soil water content and its distribution within the profile were not examined.
The objectives of this paper were to determine the effect of cropping frequency and N fertilizer on 1) soil water trends and its depth distribution from spring to fall, and to assess how these patterns were influenced by weather conditions, and 2) the efficiency of water use to produce above-ground biomass and grain of spring wheat. Furthermore, we want to alert agricultural system modellers to the unique nature of these long term experimental results.
MATERIALS AND METHODS
The Swift Current crop rotation experiment was initiated in 1967 on a flat (slope < 2%) Swinton loam [25] , an Orthic Brown Chernozem [26] . Swift Current (50˚17′ N, 107˚48′ W, elevation 883 m) is located in the driest portion of the Canadian Prairies, with long cold winters and short growing seasons [27] . The soils are frozen from mid October until March/April. Rainfall is marginal for many agricultural activities (on average 197 mm is received during the growing season) and timing of rainfall is as important as total amount. Over the 18-yr study period, the annual average precipitation was 324 mm, of which 108 mm was in the form of snow. A substantial proportion of the latter can disappear as sublimtion, snow blowoff and, after melting, as surface runoff. No runoff from rainfall was observed during the growing season. The 18-yr mean PET (calculation method described in Section 2.2 below) was 661 mm.
The rotation experiment consisted of 12 cropping systems, of which we discuss five of the special plots. Special plots (0.04 ha each) were sampled for soil water and above-ground plant dry matter eight times between spring and fall of each year between 1967 and 1984 [28, 29] . The experiment has been described in numerous publications [23, 24, 30, 31] , thus we only present information required to assess the factors examined.
The treatments examined were summer fallow-wheat F-(W), summer fallow-wheat-wheat-F-W-(W), and continuous wheat (Cont W) each receiving N and P fertilizer, and (F)-W-W and (Cont W) each receiving only P fertilizer. The rotation phase shown in parentheses was the special plot treatment. Fertilizer N and P were applied in accordance with the soil NO 3 -N (0 -0.6 m depth) and soil P (0 -0.15 m depth) levels in individual plots, measured the previous fall (mid-October) [30] . Fertilizer N, as ammonium nitrate, was applied by broadcasting it in spring prior to seedbed preparation. We used N rates recommended by the soil testing laboratory at the University of Saskatchewan [32] . Wheat grown on summer fallow received about 9 kg·N·ha -1 ·yr -1 and wheat grown on stubble received an average of 30 kg·N·ha -1 ·yr -1 during the 18-yr period. Phosphorus fertilizer (monoammonium phosphate) was applied with the seed, with the designated treatments receiving 9 to 10 kg·N·ha -1 ·yr -1 in accordance with the general recommendations for the area and crop [33] . Nitrogen in the P source was accounted for in the N rates. All phases of each rotation were present each year. There were three replicates.
Full-sized farm equipment was used for all field operations. Tillage on summer fallow was performed two to five times with a heavy-duty cultivator and/or rod weeder. Late fall application of 2,4-D ester to control broadleaf weeds was customary and other herbicides were applied to cropped areas as required [31] . No fall tillage was performed on the plots. The field management operations (i.e., seedbed preparation, in-crop herbicide application, seeding, harvesting, and tillage of summer fallow areas) were generally similar to those discussed previously [34] .
Seeding dates ranged from May 3 to June 5 (average May 17) and harvest dates ranged from August 16 to September 23 (average September 1).
Plant and Soil Sampling
At the three-leaf, five-leaf, shot blade (also known as flag leaf complete) and soft dough growth stages, which on the Feekes scale [35] correspond approximately to stages 1, 2, 10 and 10.5.3, respectively, and at harvest, plant samples were taken from two plant rows, each 3 m long and located 1 m from the edge of the plot (sampled area = 1.115 m 2 ). Plant samples were dried at 70˚C and the mass of the above-ground parts determined. The soil was sampled at the aforementioned growth stages, as well as prior to spring seeding in early May, at plant emergence, at harvest, and in the fall, just prior to freezeup. The fallow plots of rotation (F)-W-W (+P) were sampled at the same time as the cropped plots and therefore its sampling times will also be referred to as spring, emergence, three-leaf, etc. Over the 18-yr period most sampling stages occurred within a 2-to 4-wk range. Soil samples were taken (three cores per plot were bulked) from the 0 -0.15, 0.15 -0.3, 0.3 -0.6, 0.6 -0.9 and 0.9 -1.2 m depths. These samples were analyzed for gravimetric soil water content, which was converted to volumetric units using measured bulk densities of 1.20, 
Weather Data
Daily maximum and minimum air temperatures and precipitation were measured at a meteorological site located 1 km west of the experimental site. Potential evapotranspiration was estimated from a regression equation relating latent evaporation (i.e., evaporation from Bellani plate atmometers) to meteorological information [38] . Although equations using a number of weather elements were developed, the most common one, using daily maximum and minimum air temperature data, was used: where, LE is latent evaporation from a Bellani plate surface (cm 3 ·day -1 ), Tmax is daily maximum temperature (˚F), Trange is the difference between daily maximum and daily minimum temperature (˚F), and Qo is the daily amount of solar radiation at the top of the atmosphere (cal·cm -2 ). The latter can be calculated for a given latitude and day of the year. LE is multiplied by a factor of 0.096 to obtain PET in mm·day -1 [39] . The empirical Baier-Robertson equation, which has been calibrated and validated for Canadian conditions, was chosen over the more physically based Penman-Monteith formulation, because net radiation, windspeed and humidity data were not continuously available during the 18-yr study period.
Data Analysis
Grain yields and above-ground plant biomass at the various stages of growth were related by regression analysis to water use (WU) and relative water use, WU/ PET. Water use was defined as: (spring soil water -soil water at a later stage) + precipitation received during that period.
RESULTS

Soil Water under Summer Fallow
Eighteen-yr Mean Soil Water Contents
Producers use summer fallow to conserve extra water for the next crop. The main portion of the 20-mo fallow eriod in which water is conserved in the semiarid praip ) during this period ( Table 1) . On average, the 0 -0.3 m depth starts in spring close to 70% of field capacity with a little over 60 mm of water stored from the first eight months of the fallow period (Figure 1) . Between spring and fall, the water content in this segment stayed fairly constant as gains from precipitation were balanced by evaporation and drainage losses. Water in the 0.3 -0.6 m depth at the spring sampling time was slightly over 50 mm and the amount gradually increased to as much as that in the 0 -0.3 m depth by the shot blade stage (Calendar day 188), and thereafter remained constant at slightly over 60 mm (like in the 0 -0.3 m depth) until fall. Water in the 0.6 -0.9 m and 0.9 -1.2 m depths was about the same (45 mm) at the spring sampling. The water contents in these two depths increased gradually until the end of August, when it reached about 55 mm, i.e., slightly above 50% of field capacity.
Soil Water Contents under Summer Fallow
during Selected Years As might be expected, the amount of water stored and the pattern of gain over time were quite variable, depending primarily on the rainfall frequency, the amount years (1970 and 1982) (Figure 2) .
In 1968, 177 mm precipitation that was well distributed throughout the season was received between spring and fall (Figure 2(a) ). The PET during this period was calculated to be 579 mm, and as a result the soil profile only gained 25 mm of water, or 14.1% of the precipitation. The early increases of about 28 mm of water in the 0.3 -0.9 m depth between spring and emergence was received, and also on the temperature and wind which control evaporation in the southern prairies. We present examples of trends in water storage under fallow [(F)-W-W (+P)], in two dry years (1968 and 1973) and two wet peculiar because there was little precipitation received in this period (15 mm). We suspect that this anomaly might be due to spatial variability because the coefficient of variation of the sampled spring soil water content was high, i.e., 39%. From emergence to fall, the soil water contents of all depths remained fairly constant, except between harvest and fall when the 0 -0.6 m depth reflected the substantial precipitation (91 mm) received during this period.
With only 87 mm precipitation and PET totalling 626 mm between spring and fall, 1973 represented a very dry year (Figure 2(b) ). The 0 -0.3 and 0.3 -0.6 m depths gradually lost water throughout the spring to harvest period, while the water content in the 0.6 -0.9 m depth remained fairly constant. On the other hand, the 0.9 -1.2 m depth gained 12 mm water from spring to the five-leaf stage, and then remained relatively constant. Thus there was evidence of water moving from upper to lower depths prior to the five-leaf stage. Overall, 21 mm of water was lost from the soil profile under summer fallow conditions due to evaporation exceeding the well distributed, but small occurrences of precipitation events in this dry year.
During the very wet years of 1970 and 1982, when summer fallow started in the spring with a modest amount of water in the profile (220 mm and 170 mm, respectively), large amounts of precipitation received in ay and/or June, before evaporative demands were very M About half (142 mm) of the total precipitation received in 1970 fell in a one week period between the three-and five-leaf stage, causing wetting of all depths to 1.2 m and possible deeper. After the five-leaf stage small rainfall events were balanced by evaporation and thus, barring the anomalous water contents in the 0.9 -1.2 m depth at the soft dough stage and the one in the 0 -0.3 m depth at harvest, the soil water contents of all depths remained constant till fall. In 1982, when the precipitation was better distributed throughout the season than in 1970, soil water contents in the upper two depths reached almost field capacity at the five-leaf stage and stayed constant and high till harvest before increasing slightly till fall. The steady gains in water in the 0.6 -1.2 m depth were 84% of those in the 0 -0.6 m depth. Water draining beyond the 1.2 m depth during wet years has also been demonstrated in several soil water simulation studies [37, 40, 41] . Thus, the amount of water conserved during the summer months under summer fallow depends on the complex combination of amount and time-distribution of precipitation received, the initial soil water content in spring, and the evaporative demands during the season.
Soil Water under a Crop
Eighteen-yr Mean Soil Water Contents for
0 -1.2 m Depth Soil water conditions under cropped systems in the semiarid prairies reflect the net balance between precipitation received and water lost via evaporation and transpiration. Drainage through the root zone should be rare except when very wet conditions occur in the early part of the growing season, before the crop is well established. The 18-yr mean amount of soil water in 0 -1.2 m depth under wheat being grown on fallow [F-(W) (N+P)] was approximately 250 mm from spring to the five-leaf stage; thereafter, soil water decreased rapidly to 158 mm at the soft dough stage (i.e., at a rate of 1.87 mm·day -1 ) ( Table 1) . Between harvest and fall there was an average gain of about 7 mm of water in response to an average precipitation of 41 mm received in this 52-day period.
The 18-yr mean soil water content in the 0 -1.2 m depth at spring sampling under well-fertilized stubble rop wheat systems [e.g. F-W-(W) (N+P) and Cont W c (N+P)] was 210 mm (Table 1) . Generally, these drier systems gained a few mm of water by the three-leaf stage, as gains from precipitation exceeded losses due to low evapotranspiration rates related to minimal dry matter production and generally cool spring conditions. Here too, as was the case for wheat grown on fallow [F-(W) (N+P)], soil water in the profile decreased rapidly between the five-leaf and soft dough stage to about 155 mm in 1.2 m depth (at about 1.23 mm·day -1 ). Between harvest and fall these well fertilized, stubble cropped systems then gained on average 10 mm of water from the 41 mm of precipitation received in this period.
As discussed by [6] , Cont W (+P), because it had less standing stubble than Cont W (N+P), trapped less snow over winter; thus in spring, on average, it started with about 7 mm less water in the profile ( Table 1) . Like well-fertilized systems of wheat grown on stubble, Cont W (+P) gained a small amount of water (10 mm) between the spring sampling and the five-leaf stage, then, like the other cropped systems, it lost water rapidly at a rate of 1.17 mm·day -1 until the soft dough stage, before regaining about 8 mm between harvest and fall. Note that the rates of decrease in soil water during the period of rapid growth (i.e. the five-leaf to soft dough stage) were proportional to the rate of above-ground dry matter production ( Table 1) . This suggests that transpiration was mainly responsible for the water loss in that period.
Eighteen-yr Mean Soil Water Contents at
Individual Depths The 18-yr mean soil water content in the 0 -0.3 m and 0.3 -0.6 m depths at spring sampling under wheat being grown on summer fallow [F-(W) (N+P)] was about 64 mm (Figure 3(a) ). Soil water remained almost constant till the three-leaf stage (five-leaf stage for the 0.3 -0.6 m depth), then decreased sharply to about 35 mm at the soft dough stage as evapotranspiration markedly exceeded precipitation. The soil water contents then remained constant for a short time until harvest. Between harvest and fall (with no transpiration) the water content of the 0 -0.3 m depth was recharged with precipitation to reach about 46 mm of water by the fall sampling. The water content of the second depth remained constant till fall, as excess precipitation between harvest and fall was insufficient to wet the soil beyond the 0.3 m depth. Both the 0.6 -0.9 m and 0.9 -1.2 m depths had about 59 mm of soil water at the spring sampling, and water levels in these two depths remained almost constant till the fiveleaf stage before decreasing slightly in both depths till the shot blade stage. Thereafter, soil water in both of these segments decreased sharply, though faster in the .6 -0.9 m depth, till harvest, and then remained con-0 Thus, in the F-(W) (N+P) system most of the water was used between the five-leaf and soft dough stage, and mainly from the top 0.6 m of soil. This was related to the period of greatest growth ( Table 2 ) and evapotranspiration. Water was used more slowly from the 0.6 -0.9 m depth and even more slowly from the 0.9 -1.2 m depth. After harvest there was generally only sufficient extra water to recharge the 0 -0.3 m depth by the fall. Soil water distribution with depth and changes from spring to fall were similar for the stubble crop systems F-W-(W) (N+P) and Cont W (N+P) (Figures 3(b)-(c)) ; therefore, we will only discuss the results for Cont W (N+P). Soil water content and response in the 0 -0.3 m depth between spring and fall in this system were almost identical to that of a summer fallow crop system F-(W) (N+P) (Figure 3(a) ). The stubble crop system, with much less time for soil water to be recharged (8 mo vs 20 mo), had only about 51 mm of water in the 0.3 -0.6 m depth in spring. There was sufficient precipitation and maybe some drainage from the 0 -0.3 m depth to slightly increase the soil water content in the 0 -0.6 m depth to about 55 mm by the five-leaf stage. From the five-leaf to the soft dough stage, soil water in both the 0 -0.3 and 0.3 -0.6 m depths decreased sharply and linearly at the same rate to about 35 mm, which is similar to that for the F-(W) (N+P) system. Thereafter, as for F-(W) (N+P), soil water in the 0 -0.3 m depth increased, and that of the 0.3 -0.6 m depth remained constant, until fall. Soil water in the 0.6 -0.9 m and 0.9 -1.2 m depths, like in the 0.3 -0.6 m depth, started the spring with much less water than in F-(W) (N+P). Although this pattern of water loss from these two lower depths mimicked those for the respective depths in F-(W) (N+P), the lower rate of water use by the lower-yielding stubble crop compared to the fallow crop ( Table 2) , resulted in less water being taken-up from these two depths under the stubble crops. Consequently, the soil water contents in these lower depths were generally similar in Cont W (N+P), F-W-(W) (N+P) and F-(W) (N+P) by fall.
Soil water content in the 0 -0.3 m depth under Cont W receiving only P [(Cont W (+P)] (Figure 3(d) ) was similar in amounts and distribution with depth as Cont W (N+P) from spring to fall. However, soil water in the 0.3 -0.6 m depth under Cont W (+P) exceeded that in the 0 -0.3 m depth from spring to the five-leaf stage constant at about 66 mm). This may be related to the ( reduced water uptake by a crop whose early growth is partly restricted by inadequate nitrogen fertility [6] . The pattern of water response in the 0.3 -0.6 m depth under Cont W (+P) was similar to that of the other cropped systems. Soil water patterns and contents in the 0.6 -0.9 m and 0.9 -1.2 m depths under Cont W (+P) were generally similar to those under Cont W (N+P). There was about 45 mm of water in each of these two depths between spring and the shot blade growth stage. Thereafter, water was slowly and gradually lost from these two depths till harvest, but from the 0.6 -0.9 m depth moreso than from the 0.9 -1.2 m depth (Figure 3(d) ).
No water gains occurred in these lower depths between harvest and fall.
Soil Water Contents during Selected Years
In four selected years of varying precipitation, soil water contents in the profile varied from the 18-yr mean pattern (Figure 4) . In the period prior to the five-leaf stage and after harvest, the 0 -1.2 m depth soil water content was mainly related to precipitation. For example, in 1970 the very wet month of June caused the soil water content to increase from 261 mm at the spring sampling to 308 mm at the five-leaf stage (Figure 4(a) ). However, in 1976, when spring precipitation was only moderate see Figure 4(b) ); the soil water content was fairly con-( stant to the five-leaf stage (Figure 4(b) ). Transpiration during this early part of the growing season was generally low. Similarly, precipitation dictated the pattern of soil water trends after the soft dough stage when the crop was no longer withdrawing soil water. In dry years such as 1971 and 1973 when little precipitation fell before the five-leaf stage, the soil water content decreased rapidly from early spring onwards (Figures 4(c)-(d) ). In all systems the rapid growth between the five-leaf and soft dough stages ( Table 2 ) was accompanied by a rapid decrease of soil water, irrespective of the amount of precipitation received, as evapotranspiration far exceeded precipitation.
Soil water distribution in the profile from spring to fall under a crop, was similar under F-(W) (N+P) as under Cont W (N+P), therefore we show only a couple of examples for Cont W (N+P) for two dry years (1968 and 1973) , and for two wet ones (1970 and 1982) (Figure 5) . In 1968, 177 mm of precipitation fell between spring and fall, of which almost 90 mm was received outside the growing season, between harvest and fall. (Figure 5(a) ). Most of the changes in soil water content occurred in the 0 -0.3 m depth; after an initial slow decrease from spring to the three-leaf stage, the water content rapidly decreased to near the wilting point by the shot blade stage, remained constant till the soft dough stage and then increased till fall to about 60 mm in response to the 121 mm precipitation received in this late period. The low spring soil water contents in the 0 -0.3 m and 0.3 -0.6 m depths reflect the dry conditions of the previous year and the small amount of overwinter precipitation (74 mm between fall and spring) that did not wet the soil beyond the 0.3 m depth. All depths below 0.3 m gradually lost small amounts of water till the shot blade stage, as water use by the crop slightly exceeded the rainfall replenishment. The small amount of water uptake by the crop (133 mm) was reflected in the low total dry matter production [maximum at the soft dough stage, 1306 kg·ha -1 ( Table 2) ]. The increase in soil water content at the 0.6 -0.9 m depth between the three-and five-leaf stage may be a sampling error because there was no precipitation during this period.
The year 1973 was even drier than 1968, with only 64 mm precipitation well-distributed between spring and harvest ( Figure 5(b) ). The soil water content in the 0 -0.3 m depth decreased almost linearly from spring to harvest, and then increased slightly from harvest to fall n response to the late small precipitation events. The i water content of the 0.3 -0.6 m depth decreased slowly from spring to the three-leaf stage, then rapidly to the soft dough stage before levelling off at maturity. This pattern reflects plant growth and crop water uptake. Because of low rainfall, the soil water content of the 0.6 -0.9 m depth remained constant till the five-leaf stage, reflecting the time it takes for roots to reach this depth. Thereafter, water loss was linear to the soft dough stage and more slowly till the fall sampling date. Generally, between the five-leaf stage and harvest, water losses from the 0.3 -0.6 m depth and from the 0.6 -0.9 m depth were parallel to each other. In the 0.9 -1.2 m depth the soil water content remained relatively constant from emergence to the shot blade stage, then decreased slowly, but linearly to harvest and even more slowly till fall. The marked loss of soil water from all four depths from spring to harvest, a total of 194 mm, was reflected in a dry matter production of 3473 kg·ha -1 at the soft dough stage ( Table 2) , almost three times higher than in 1968.
The two wet years shown as examples differed in that 50% (142 mm) of the period precipitation received in 1970 occurred during a single week in June (Figure 5(c) ) while the 332 mm of precipitation received in 1982 was well-distributed throughout the period (Figure 5(d) ). Thus, plant dry matter production was much greater in 1982 than in 1970 [6627 kg·ha -1 vs 4202 kg·ha -1 at the soft dough stage ( Table 2) ] and presumably evapotranspiration would also have been much greater in 1982. The balance between evapotranspiration and precipitation favoured drainage in 1970 as was evidenced by a rare occurrence under crop when all soil segments to 1.2 m depth (and probably beyond) showed an increase in water content between the three-and five-leaf stage (Figure 5(c)) . All soil depths then lost water rapidly between the five-leaf and soft dough stage in 1970, then they remained constant, except for the 0 -0.3 m depth which gained water between harvest and fall, reflecting the 40 mm of rainfall received in this period.
In 1982, the low spring soil water contents in the 0.3 -1.2 m depth reflect the lower than normal fall soil water contents in 1981 and the small amount of overwinter precipitation (95 mm between fall and spring) that did not wet the soil beyond the 0.3 m depth. Large amounts of precipitation received prior to the five-leaf stage (177 mm) markedly increased the soil water content in the 0 -0.6 m depth and to a lesser extent that in the 0.6 -0.9 m depth. However the 80 mm of precipitation received between the shot blade and soft dough stage was more than counter-balanced by high evapotranspiration, and consequently the 0 -0.9 m depth lost significant amounts of water (82 mm). Between the harvest and fall sampling, when there is no transpiration, the 50 mm precipitation received increased the water content in the 0 -0.3 m depth by 35 mm, with no wetting below this depth. The soil water content in the 0.9 -1.2 m depth remained relatively constant throughout the growing season, suggesting that sufficient water was available for good crop growth in the upper three depths.
Dry Matter Production and Water Use (WU)
We calculated WU and total above-ground dry matter production between spring and each sampling time for Cont W (N+P) and Cont W (+P), in order to assess the influence of N fertilizer on this parameter (Table 3 and Figure 6 ). A regression of dry matter accumulated to each growth stage vs WU was linear for both treatments (Figure 6) . The y-intercepts were not significantly different (P < 0.05), but the regression slopes were signifi- cantly different at P < 0. [43] from a study done by [44] which showed a positive effect of P fertilizer on water use efficiency of wheat. They observed the greatest difference in evapotranpiration at any growth stage to be 12 mm for P treatments, while we observed a mean maximum difference in WU of 14 mm during the spring to soft dough stage ( Table 3 ). The early-season evaporation in the [44] study was 32 mm, while in our study it averaged 38 mm. We also determined the relationship between total dry matter produced and WU relative to potential evapotranspiration (WU/PET) (Table 3), but found no significant effect of N fertilizer in this case.
Grain Yield, Water Use and Relative Water Use
The annual grain yields, water use and relative water use (WU/PET) for each treatment (Table 4) were used to construct regression equations (Figure 7) . The relationships between wheat yield and water use were significant (P < 0.05) for all treatments (Figure 7(a) ). The water use efficiency (i.e., the slope of the regression line) (Figure 7(a) ). This equation suggests a yield increase of nearly 9 kg·ha -1 ·mm -1 water used, and 73 mm of evapotranspiration required before the first kg·ha -1 of grain is produced in this semiarid region. These values are generally similar to those reported previously by [24, 45, 46] ) and intercept (132 mm) reported by [47] for winter wheat in Colorado. A regression of yield against water use normalized per unit of PET did not improve the relationship compared to that with water use alone (Figure 7(b) ).
DISCUSSION
This rotation study has been ongoing for 40 yr, during which the first 18 yr discussed in this paper were much drier than the subsequent 22 years [6] . Thus, it is not surprising to find that the 18-yr mean amount of water conserved under summer fallow during the 5.5 mo. summer period (25 mm) was 16% less than the 31 mm 40-yr average observed for this period by [6] . Annual analysis of soil water conserved under summer fallow throughout the summer months showed that the pattern of soil water accumulation throughout the soil profile was related to the initial water content of the soil and the balance between the amount of precipitation received, its distribution over time, and the strength of the evaporative demands. The patterns of soil water accumulation and drying occur first in the uppermost depth and gradually moved later to lower depths, as is assumed in soil water simulation models [41, 48, 49] .
Spring soil water contents under wheat grown on fallow were 40 mm higher than under stubble crops, and while water remained constant till the five-leaf stage for the former, the stubble crop, with lower soil water reserves in spring, gained a small amount of water till about the three-leaf stage due to low transpiration rates (caused by minimal crop growth) and low evaporation rates (as a result of low temperatures).
Soil water changes under cropped systems mainly showed the influence of precipitation during the periods prior to and after the expansive growth of the crop had occurred (five-leaf to soft dough stages). During the latter period soil water was rapidly lost in all cropped systems despite precipitation. The rate of water loss in this period was greater for F-(W) (N + P) (1.87 mm·day -1 ) than for Cont W (N + P) (1.23 mm·day ). Under a crop, soil water is used progressively from the uppermost depths, but rarely from the 0.09 -1.2 m depth, which suggests that deeper rooting crops like winter wheat and/or safflower may be needed in the rotation to extract more plant available water. Water recharge between harvest and fall primarily occurs in the 0 -0.3 m depth. On one rare occurrence when 142 mm of precipitation was received in early June, 1970, there was evidence that drainage beyond 1.2 m may have occurred under a cropped situation. This supports our findings that there has been little NO 3 -N leaching from Cont W after 37 yr in this study [50] .
Regression analysis showed that withholding N from Cont W was reflected in a reduced rate of above-ground plant biomass production. This supports similar findings by [44] regarding the influence of P on wheat production. Regression analysis also showed that grain yields were directly related to water use, with rates not significantly influenced by cropping frequency nor fertilizer applications, although there was a tendency for a greater water use efficiency for wheat grown on fallow than on stubble, and for well-fertilized Cont W than for Cont W receiving only P fertilizer.
In addition to the soil and plant parameters described in this paper, measurements and analyses are available for soil NO 3 -N [50, 51] and bicarbonate extractable P [52, 53] at the same depths and with the same frequency as the soil water content measurements. Analysis of total organic N and C in the upper two soil depths were made at irregular time intervals [54] . N and P concentrations in the above-ground biomass (grain and straw) were measured at different phenological growth stages, for both combine-and hand-harvested data [31, 55] . The measured daily meteorological parameters include precipitation, maximum and minimum temperatures, global radiation and class A pan evaporation. Windspeed and relative humidity data may be obtained from a nearby weather station, located approximately 5 km NE of the experimental plots. Soil and crop management information on seedbed preparation, seeding, fertilizer and herbicide application, tillage operations and harvesting are also available [28, 56] .
While several investigators [40, 41, [57] [58] [59] [60] have used these long term rotation data for testing and validating their models, there is a wealth of information left to be explored. For example, the measured P data have not been used in any modelling exercise. We know of no similar data sets where such detailed measurements have been made for such a lengthy period. Soil and crop modellers are therefore invited to have a look at these invaluable data sets, and start using them.
SUMMARY
The effects of cropping frequency and N fertilization on trends in soil water content and water use were quantified using a long-term (18-yr) field experiment in which multiple samplings were made each year. The main findings of this study were: 1) In most years precipitation increased stored soil water during non-cropping periods, (i.e. overwinter and during summer fallow), wetting surface soil layers first and then the lower layers. However, in very dry years summer fallow treatments actually lost soil water.
2) A growing spring wheat crop used stored soil water first from the surface layers and then gradually over time from lower depths. Rarely was water extracted from below 90 cm.
3) Soil water distribution with depth and over time was different in dry years compared to wet ones. 4) Nitrogen fertilization improved (i.e., increased) the slope of the water use/dry matter function.
5) The water use/grain production function was similar to those previously reported for spring wheat in Saskatchewan and Alberta; it did not vary with cropping intensity, nor with N fertilization.
6) The 18 years of detailed measurements of soil and plant parameters under various cropping systems provide researchers with a unique and invaluable source of information for developing and testing soil-crop-management simulation models. A copy of the data, including daily weather data, can be obtained from Dr. R. P. Zentner, Semiarid Prairie Agricultural Research Centre,
